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A change in the number of base pairs within a coding sequence can result in a frameshift mutation, which
almost invariably eliminates the function of the encoded protein. A frameshift reversion assay with Saccharo-
myces cerevisiae that can be used to examine the types of insertions and deletions that are generated during
DNA replication, as well as the editing functions that remove such replication errors, has been developed.
Reversion spectra have been obtained in a wild-type strain and in strains defective for defined components of
the postreplicative mismatch repair system (msh2, msh3, msh6, msh3 msh6, pmsl, and mlhl mutants). Com-
parison of the spectra reveals that yeast mismatch repair proteins preferentially remove frameshift interme-
diates that arise in homopolymer tracts and indicates that some of the proteins have distinct substrate or

context specificities.

The integrity of the genetic material during genome dupli-
cation requires that the process of DNA replication be highly
accurate. The overall fidelity of replication is determined at
three steps: (i) the error rate of nucleotide incorporation dur-
ing polymerization, (ii) the efficiency with which the exonu-
cleolytic proofreading activity of DNA polymerase removes
terminal nucleotides that are incorrectly base paired, and
(iii) the efficiency with which postreplicative mismatch repair
(MMR) systems remove any remaining errors. Mutations re-
sulting from persistent replication errors generally can be clas-
sified as either insertion or deletion events involving a small
number of nucleotides or base substitution events. Frameshift
mutations are specifically those nucleotide insertion or dele-
tion events that do not occur in multiples of three and conse-
quently alter the reading frame of the translated mRNA.
Whereas base substitution events often are phenotypically si-
lent, frameshift mutations almost invariably compromise pro-
tein function. Given the very deleterious nature of frameshift
mutations, it is important to understand the mechanisms for
generating insertions and deletions during DNA replication as
well as the editing functions that prevent fixation of such rep-
lication errors.

Two major approaches have been utilized to study frame-
shift mutagenesis: analysis of spontaneous or mutagen-induced
frameshift spectra generated in vivo and analysis of frameshift
events generated during in vitro replication of defined DNA
templates. In vivo studies done primarily with prokaryotic or-
ganisms have demonstrated the existence of multiple mecha-
nisms of frameshift mutagenesis, all of which are facilitated by
local DNA sequence context (36). As first noted by Streisinger
et al. in studies with phage T4 (48), deletion or addition of one
or more units of a tandemly repeated sequence (e.g., a mono-
tonic run of a single nucleotide or a dinucleotide repeat) can
be explained by DNA polymerase slippage. Transient dissoci-
ation of the nascent 3’ end from the template strand, followed
by misalignment between repeats and subsequent polymerase
extension, will lead to a deletion event if the extrahelical
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base(s) is on the template strand or an insertion event if the
extrahelical base(s) is on the nascent strand. In addition to
events involving tandem repeats, polymerase slippage is like-
wise invoked to explain larger deletions and insertions having
their endpoints in short direct repeats (37, 41, 44, 49). More
complex frameshift events in which there are changes in both
the number and the sequence of bases have been attributed to
mispairing between quasipalindromic sequences (11) or imper-
fect direct repeats (13). In addition to the frameshift events
that are templated by various types of DNA misalignments, in
vitro work has provided strong evidence that base substitution
events can initiate frameshift mutagenesis through a process
known as dislocation, in which slippage following base misin-
corporation leads to correct pairing at the 3’ terminus (2).
Dislocation may account for many of the in vivo frameshifts
that do not involve iterated DNA sequences.

DNA synthesis errors that escape the proofreading activity
of DNA polymerase are subject to postreplicative MMR sys-
tems, the best understood of which is the methyl-directed
MMR system of Escherichia coli (for a review, see reference
29). Three key components of this system are MutS, MutL, and
MutH. A MutS homodimer binds directly to mismatched
bases, MutH nicks the unmethylated strand at hemimethylated
dam (GATC) sites, thus marking the newly replicated strand
for removal, and a MutL homodimer promotes interaction
between the MutS-DNA complex and MutH, thereby activat-
ing the latent MutH endonuclease activity. Frameshift as well
as base substitution intermediates are efficiently recognized
and repaired by the methyl-directed MMR system (40).

Eukaryotic homologs of the bacterial MutS and MutL pro-
teins have recently gained much attention because of their
association with human hereditary nonpolyposis colon cancer
(for reviews, see references 8 and 52). In the yeast Saccharo-
myces cerevisiae, multiple homologs of both MutS (Msh1p-6p)
and MutL (Pmslp and Mlhlp-3p) have been identified (for
reviews, see references 5 and 21). Msh2p, Msh3p, Msho6p,
Pmslp, and Mlhlp are important for correcting mismatches
arising during nuclear DNA replication and recombination (6,
19, 22, 28, 30, 32, 35, 42, 45, 46), whereas Mshlp corrects
mismatches that arise in mitochondrial DNA (35). In contrast,
Msh4p and MshS5p are meiosis-specific proteins that have no
apparent effect on mismatch repair but rather affect crossing-
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over (16, 38). The roles of Mlh2p and Mlh3p have not been
established. Mlhlp and Pmslp can form a heterodimer (33),
and because mutations in either gene completely eliminate
replication-associated MMR (32), the heterodimer is pre-
sumed to be the active form. Msh2p is required for all repli-
cation and recombination-associated MMR and can form a
heterodimer with either Msh3p or Msh6p (12, 18, 28). The
phenotypes of msh2, msh3, msh6, and msh3 msh6 mutants
suggest that the Msh2p-Msh6p heterodimer recognizes both
base substitution and insertion or deletion mismatches,
whereas the Msh2p-Msh3p heterodimer appears to be specific
for insertion or deletion mismatches (19, 28). An association
between yeast MMR proteins and proliferating cell nuclear
antigen has been reported (18a, 51), suggesting that the MMR
machinery may track with the replication apparatus in eukary-
otic organisms.

In order to better understand the process of frameshift mu-
tagenesis in eukaryotes, we have developed an in vivo system
that identifies frameshift events occurring within a defined
150-bp region of the yeast LYS2 gene. This system has been
used to obtain a frameshift spectrum in wild-type yeast cells as
well as in cells deficient in various components of the MMR
machinery. These studies indicate that the yeast MMR pro-
teins have distinct in vivo specificities in terms of recognizing
and removing frameshift intermediates.

MATERIALS AND METHODS

Media and growth conditions. Yeast strains were grown nonselectively in YEP
medium (1% yeast extract, 2% Bacto Peptone; 2.5% agar for plates) supple-
mented with 2% glycerol and 2% ethanol (YEPGE) or 2% dextrose (YEPD).
Synthetic complete (SC) medium (43) containing 2% dextrose and lacking the
appropriate amino acid was used for selective growth. 5-Fluoroorotic acid (5-
FOA) medium containing 1 g of 5-FOA per liter was used to select for Ura™
yeast segregants (3). LB medium (1% yeast extract, 0.5% Bacto Tryptone, 1%
NaCl [1.5% agar for plates]) was used for growth of E. coli strains. Ampicillin
(100 pg/ml) was added to LB medium for growth of plasmid-containing strains.
Yeast and bacterial strains were grown at 30 and 37°C, respectively.

Strain construction. All strains used in this study are isogenic derivatives of
SIR357 (MATo ade2-101 his3A200 ura3ANco lys2ABgl) and were constructed by
standard transformation procedures (9). The lys2ABgl allele was introduced into
SJR357 with plasmid pSR125 as described previously (7). The pmsIA strain was
constructed by a two-step transplacement procedure, whereas all other mutants
were constructed by gene disruption (39). Ura™ colonies were selected in all
transformations; subsequent loss of the URA3 marker (either by plasmid loss
from the chromosome in two-step transplacement experiments or recombination
between the flanking AisG repeats when the gene in question was disrupted with
the hisG-URA3-hisG cassette [1]) was detected on 5-FOA medium. All disrup-
tions were confirmed by PCR.

msh2A::hisG was introduced by transformation with Aatll/Xbal-digested
GC1914 (see below), msh3A::hisG was introduced by transformation with
EcoRI-digested pEN33 (6), msh6A::hisG was introduced by transformation with
Sacl/EcoRI-digested pPBUH-MSH6-NT/CT (see below), pmsIA was introduced
by transformation with BstXI-digested pSR211 (6), and mih1A::URA3 was intro-
duced by transformation with Sacl/BamHI-digested mlh1A::URA3 (32). Plasmid
GC1914 (obtained from G. F. Crouse) is a pBluescript derivative in which the
MSH2-internal EcoNI/Hpal fragment was replaced with the hisG-URA3-hisG
cassette. pBUH-MSH6-NT/CT (obtained from W. Kramer) is a pBluescript
derivative in which the hisG-URA3-hisG cassette is flanked by upstream and
downstream MSHG6 sequences.

Measurement of reversion rates and isolation of revertants. Two-day old
colonies were excised from YEPD plates, inoculated into 5 ml of YEPGE liquid
medium (growth in YEPGE prevents accumulation of petite mutants), and
grown for 2 days on a roller drum. Cells were harvested by centrifugation, washed
once with sterile H,O, and resuspended in 1 ml of H,O. Aliquots (100 pl) were
plated onto SC-Lys to select Lys™ revertants, and appropriate dilutions were
plated on YEPD to determine viable cell numbers. Lys* cells were counted on
day 3 after selective plating. Reversion rates were determined by the method of
the median (24), with data from 10 to 15 cultures of each strain.

To isolate independent Lys™ revertants for DNA sequence analysis, 1-ml
YEPGE cultures were grown as described above and a single aliquot was plated
on SC-Lys. One revertant from each culture was purified for subsequent molec-
ular analysis.

DNA sequencing. Total genomic DNA was prepared from 2 ml of cells by glass
bead lysis (15). DNA was resuspended in a final volume of 100 wl, and 0.5 wl was
used a template in a 50-ul PCR. A 900-bp region containing the lys2ABgl
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FIG. 1. Partial sequence of the LYS2 gene. Nucleotides are numbered be-
ginning at the upstream Xbal site, and the three possible reading frames are
shown. The Bgl/II site at position 683 is underlined and in boldface type; the ATG
start site (not shown) is at position 297. The nucleotides outside the reversion
window are in lowercase letters, whereas those in the reversion window are in
uppercase letters. The 6-bp repeats at the endpoints of the 100-bp deletion are
italicized and underlined.

reversion window was amplified by using primers 5'-GTAACCGGTGACGAT
GAT-3' (forward) and 5'-CCAATTGTCCAGCAGCTC-3' (reverse). PCR was
performed as follows: 3 min at 94°C followed by 30 cycles of 30 s at 94°C, 30 s at
52°C, and 60 s at 72°C. The PCR mixture (5 wl) was treated with 1 U each of
exonuclease I and shrimp alkaline phosphatase to remove the amplification
primers. Standard dideoxy sequencing was performed directly, without further
purification, with [**S]dCTP, Sequenase (U.S. Biochemical), and an internal
primer (5'-CGCAACAATGGTTACTCT-3').

RESULTS

A system for detecting frameshift events. The 4.2-kb LYS2
locus contains a single Bg/II site (5'-A | GATCT, where the
arrow indicates the restriction site) at position 683, approxi-
mately 400 bp downstream of the ATG start codon. The
lys2ABgl frameshift allele was constructed in vitro by filling in
the Bglll-generated 5’ overhangs with the Klenow fragment of
DNA polymerase I, resulting in direct duplication of the se-
quence GATC. The addition of 4 bp to the coding sequence is
the equivalent of a +1 frameshift and causes a shift from the
normal reading frame (reading frame 3 [Fig. 1]) to an alterna-
tive reading frame (reading frame 2) when encountered by a
translating ribosome. The lys2ABgl allele reverts spontaneously
at a detectable rate, and early genetic analyses indicated that
the vast majority, if not all, of the reversion events are second-
site, intragenic events (our unpublished studies). Inspection of
the coding sequence reveals an approximately 150-bp region
where such a compensatory 3N — 1 (where N is any nucleo-
tide) frameshift must occur. As shown in Fig. 1, the reversion
window is defined by the first stop codon in reading frame 2
downstream of the Bg/II fill-in (position 797), and the first stop
codon in reading frame 1 upstream of the fill-in (position 658).

Reversion spectrum in a wild-type strain. The molecular
natures of spontaneous compensatory 3N — 1 frameshift
events were determined by DNA sequence analysis of 145
independent lys2ABgl revertants (Fig. 2A). The simplest way to
revert the lys2ABgl +1 frameshift is by a compensatory 1-bp
deletion, so it is not surprising that the majority (136 of 145, or
94%) of the reversion events were 1-bp deletions. The remain-
ing nine reversion events in the wild-type strain were com-
prised of seven 2-bp insertions (one of these is complex), one
5-bp insertion, and one 100-bp deletion. One of the +2 events
was found three times within the same run of three thymines
(3T run), whereas all other +2 events were unique. The end-
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FIG. 2. Reversion spectra in wild-type and MMR-defective yeast strains. The +4 insertion that created the lys2ABgl allele is underlined and in boldface type.
Single-base deletions are indicated below the sequences, and insertions are indicated above the sequences. Each independent —1 event identified is indicated (A). (A)
Wild-type spectrum; (B) spectra in MutS homolog-deficient strains; (C) spectra in MutL homolog-deficient strains.
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TABLE 1. Locations of spontaneous frameshift mutations
in a wild-type strain”

Proportion No. of No. of No. of observed
Type of run of window expected observed events/no. of ex-
events events pected events
Noniterated 56/146 55 23* 0.42
2N (22) 44/146 43 20% 0.47
3N (9) 27/146 27 18 0.67
4N (2) 8/146 8 44* 55
5N (1) 5/146 5 5 1.0
6N (1) 6/146 6 34 5.7
Total 144 144

“ All runs are monotonic. The number in parentheses following a sequence
type indicates the number of times it occurs in the 150-bp reversion window. The
100-bp deletion has one endpoint outside of the reversion window and was
excluded from this analysis. The difference between the observed and expected
distributions is highly significant, as shown by x? analysis (P < 0.001). *, the
difference between the observed and expected number of events is highly signif-
icant, as shown by x? analysis.

points of the 100-bp deletion were within two 6-bp direct re-
peats (GACGAG at positions 651 to 656 and 747 to 722). The
recovery of compensatory frameshift events that change over
30 amino acids within the window, as well as recovery of a
deletion removing 32 amino acids, suggests few, if any, func-
tional limitations on the types of events that can be identified
with this system. The assay used in this study thus should
provide an essentially unbiased sample of all possible frame-
shift events that occur within the defined reversion window.
Table 1 classifies reversion events according to their location
in noniterated sequences versus mononucleotide runs of 2N,
3N, 4N, 5N, or 6N. The experimental distribution was then
compared to the distribution expected if each site within the
reversion window were equally mutable. This analysis clearly
demonstrates that the reversion events are not distributed ran-
domly throughout the target sequence but rather cluster in
mononucleotide runs of more than 3N. There were approxi-
mately sixfold more events in the 6N and 4N runs than ex-
pected, and approximately twofold fewer events than expected
in the 3N, 2N, and noniterated sequences. One-half of the —1
frameshift events localized to two notable mononucleotide
runs: a run of six adenines (6A run) at nucleotides 664 to 669
and a run of four cytosines (4C run) at nucleotides 697 to 700.
Although the longer mononucleotide runs are clearly hot spots
for —1 events, the relative frequencies of events in different
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monotonic runs do not appear to be related in any simple way
to run length or sequence. There were, for example, 3.5 times
more events in the 4C run than in a 4A run (nucleotides 727 to
730), and there were as many events in the 4C run (35 events)
as in the longer 6A run (33 events). Additionally, there is a 5T
run (nucleotides 720 to 724) where only five events occurred,
making the 5T run mutationally “cold” relative to the 6A and
the 4C runs.

It appears that, at least in the system used here, 3N runs are
no better targets for frameshift mutagenesis in yeast than are
2N runs and noniterated sequences. The 3N runs do not ap-
pear to be equally susceptible to —1 mutational events; there
are nine 3N runs (three 3A runs and six 3T runs), and yet 10 of
the 13 deletions clustered in only two of the 3T runs. A similar
nonrandom distribution of —1 deletions is seen with the 2N
runs and noniterated sequences. With the 2N repeats, x* anal-
ysis indicates that the tracts are not equally mutable. There are
approximately equal numbers of AA, CC, GG, and TT repeats
in the reversion window, but more than one-half (10 of 19) of
the —1 events were in CC tracts. This bias is likely explained by
a single CC hot spot; among the five CC repeats in the rever-
sion window, 8 of the 10 C deletions occurred at one of these
tracts (nucleotides 718 to 719). For the noniterated bases, a
classification of the —1 events by the nucleotide deleted (A, T,
C, or G) indicates that the deletions mirror the overall distri-
bution of the bases in the reversion window. Sixteen out of the
56 noniterated bases are adenine, for example, so out of 22
noniterated bases deleted in our sample, one would expect for
6 of these to be adenine residues. We actually observed the
deletion of an adenine residue 10 times, which is not signifi-
cantly different from the expected number of 6. A closer look
at the data, however, reveals a deletion hot spot; of the 16
noniterated adenines that could be deleted, 7 out of the 10
examples of an A deletion were at the same position (nucleo-
tide 696).

Reversion spectra in strains defective in MutS homologs.
Strains containing individual deletions of the MSH2, MSH3,
and MSH6 genes, which encode the three MutS homologs
implicated in spontaneous nuclear mutagenesis, were con-
structed in order to investigate the roles of the encoded pro-
teins in preventing the accumulation of frameshift mutations.
In addition, an msh3A msh6A double-mutant strain was con-
structed. The reversion rates of the lys2ABgl allele in the wild-
type and mutant backgrounds were determined by fluctuation
analysis and are presented in Table 2. The msh2A and msh3A
mshOA strains were strong mutators, with the reversion rate of

TABLE 2. Rates and distributions of spontaneous frameshift mutations in MMR-defective strains*

Reversion rate

% of reversion events in run type®:

Strain .

(fold increase) 6N SN 4N N N Noniterated
Wild type 28 % 107° (1) 24 (34/144) 3 (5/144) 31 (44/144) 13 (18/144) 14 (20/144) 16 (23/144)
msh2A 5.4 % 1077 (190) 52 (26/50) 2 (1/50) 44 (22/50) 2 (1/50) 0 (0/50) 0 (0/50)
msh3A 1.1 % 105 (3.8) 46 (47/102) 2(2/102) 38 (39/102) 0(0/102) 11 (11/102) 3(3/102)
msh6A 44 %107° (1.6) 19 (15/79) 4 (3/19) 30 (24/79) 30 (24/79) 8 (6/79) 9(7/79)
msh3A msh6A 6.9 x 1077 (250) 50 (23/46) 0 (0/46) 46 (21/46) 4(2/46) 0 (0/46) 0 (0/46)
pmsIA 6.8 % 107 (240) 24 (12/50) 0 (0/50) 72 (36/50) 4.(2/50) 0 (0/50) 0 (0/50)
mihIA 6.0 X 1077 (210) 44 (22/50) 6 (3/50) 48 (24/50) 2 (1/50) 0 (0/50) 0 (0/50)

“ Numbers in parentheses following the reversion rates are the fold increases relative to the rate in the wild-type strain. The distributions of reversion events within
runs of different lengths were compared in a pairwise fashion by the contingency x? test. Pairwise comparisons of the total spectra of reversion events were done using
the C++ version of the Adams and Skopek algorithm (4). The differences between the spectrum of each mutant strain and that of the wild-type strain were highly
significant by both tests. The msh2A spectrum was not significantly different from either the msh3A spectrum or the msh3A msh6A spectrum by either test, the difference
between the msh6A spectrum and either the msh2A spectrum or the msh3A spectrum was highly significant by both tests, and the difference between the pmsIA and
mlhIA spectra was significant by the x? test and highly significant by the Adams and Skopek algorithm.

b Ratios in parentheses are the ratios of the number of events observed to the total number of events analyzed.
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the lys2ABgl allele increasing approximately 200- and 250-fold
in these strains, respectively. The msh3A and msh6A strains
showed very weak mutator phenotypes for reversion of
lys2ABgl, with the reversion rates increasing only four- and
twofold, respectively. The rates of lys2ABgl reversion reported
here are similar to those reported in previous studies (28, 30).

The spectra of reversion events in the mutant strains are
shown in Fig. 2B, and these data are summarized in Table 2.
The msh2A and msh3A msh6A strains had a dramatic increase
in the 1-bp deletion events that occurred in monotonic runs,
specifically the 6A and 4C runs. Approximately 95% of the —1
events localized to the 6A and 4C runs in the msh2A and
msh3A msho6A strains, compared to only 50% of the events in
the wild-type control strain. The reversion rates at these two
homopolymeric runs thus were increased at least several hun-
dredfold; the rate increases for events outside of the 6A and
4C tracts are difficult to assess, given the relative rarity of these
events. Although the msh3A strain had only a weak mutator
phenotype, its mutation spectrum was very similar to those of
the msh2A and msh3A msh6A strains, with 84% of the —1
events occurring in the 6A and 4C runs. Statistical analyses
confirm that the msh2A, msh3A, and msh3A msh6A spectra are
significantly different from the wild-type spectrum (see Table 2
footnote).

The reversion spectrum for the msh6A strain is quite distinct
from those of the wild type and the other mshA strains. Most
notably, there was a dramatic increase in reversion events that
occur within a specific 3T tract (nucleotides 713 to 715). This
particular run only accounts for 3% of the total events in a
wild-type background (four —1 events and one +2 event) but
represents 28% of the events in the msh6A strain. Only one
event at this 3T tract was seen in each of the msh2A and msh3A
mshOA strains; none were observed in the msh3A strain.

Reversion spectra in strains defective in MutL. homologs.
The PMS1 and MLHI genes encoding MutL homologs were
deleted individually in order to assess the roles of these pro-
teins in the removal of potential frameshift intermediates.
Both the pmsIA and the mlhIA strains were strong mutators,
with each showing an approximately 200-fold increase in the
lys2ABgl reversion rate (Table 2). The reversion spectra for the
pms1A and the mih1A strains showed a specific increase in 1-bp
deletions in the 6A and 4C runs (Fig. 2C), which is similar to
the spectra in all of the mshA strains except msh6A. If one
examines the distribution of events in the 6A and 4C tracts,
however, the reversion spectrum for pmsIA differs subtly from
those of the milhIA strain and all of the mshA strains. In the
pmsIA strain, there was a 3:1 bias for deletions in the 4C run
relative to the 6A run; the ratio of —1 events in the 6A run to
those in the 4C run was approximately 1:1 for all other strains,
including the wild type. This difference between the pmsiA
strain and all other strains is statistically significant (see Table
2 footnote).

DISCUSSION

Frameshift events account for only 10% of the mutations
identified in forward mutation assays (10, 25), which limits the
usefulness of these systems for studying aspects of frameshift
mutagenesis in yeast. The specificity necessary for studying
frameshift mutagenesis can be achieved by selecting for rever-
sion of a frameshift mutation, and such frameshift reversion
assays have been utilized extensively in prokaryotes (for a
review, see reference 36). Yeast frameshift-specific assays also
have been described but generally are limited either by the use
of defined substrates to target the frameshift events (e.g., dinu-
cleotide repeats) or involve a relatively small target that re-
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stricts the total types of events that can be detected (14, 20, 50).
The current study utilizes phenotypic reversion of a +4 frame-
shift allele (lys2ABgl) to isolate compensatory frameshift
events occurring within a defined 150-bp region of the yeast
LYS2 gene and focuses on the role of the yeast MMR proteins
in eliminating frameshift intermediates. The identification of
compensatory frameshift mutations throughout the reversion
window (Fig. 2A) indicates that the lys2ABgl allele provides a
suitable system for obtaining an unbiased set of frameshift
mutations within a relatively large target.

The specificity of individual MutS and MutL. homologs for
mutational intermediates has been inferred by comparing
lys2ABgl reversion spectra in wild-type and MMR-defective
yeast strains. It is noteworthy that in the DNA sequence anal-
ysis of over 500 independent revertants reported here, we did
not observe a true reversion event. The majority of lys2ABgl
revertants arising in a wild-type, DNA repair-proficient back-
ground were —1 deletion events (Fig. 2A). One-half of the —1
events occurred at two notable monotonic runs (a 6A run and
a 4C run) and presumably arose via slippage between the
nascent and template strands during DNA replication. In ad-
dition to the two mutationally hot runs, there are a 5T run and
a 4A run where relatively few frameshift events occurred. Al-
though in vitro and in vivo studies have demonstrated convinc-
ingly that the frequency of frameshift events within a given run
is directly correlated with the length of the run (23, 50a), our
data indicate that factors other than run length may influence
the accumulation of frameshifts (see also reference 31). The
sequence context surrounding a particular monotonic run may
be important as well as the nucleotide composition of a run or
the identity of the nucleotides on the leading- versus lagging-
strand template during DNA synthesis.

In bacteriophage systems, frameshift events occur more of-
ten in 3N runs than expected by chance alone, whereas 2N runs
contain no more —1 deletions than do noniterated sequences
(37). In the yeast system used here, 3N runs appear to be no
better targets for frameshift mutagenesis than are 2N runs or
noniterated bases. The reason for the discrepancy between the
bacterial and yeast studies is not clear, but such a discrepancy
could reflect different proofreading capacities of the relevant
polymerases in 3N runs. In considering the 3N, 2N, and non-
iterated sequences in the lys2ABgl reversion window, there are
clearly mutational hot spots for each type of sequence. For
example, 8 of 10 C deletions clustered within one of five CC
repeats. Again, the most likely explanation for such hot spots is
some type of sequence context effect.

The roles of the yeast MutS homologs in eliminating frame-
shift intermediates were ascertained using strains with individ-
ual deletions of MSH2, MSH3, and MSH6 as well as a strain
harboring a deletion of both MSH3 and MSH6 (Fig. 2B). In
general, our results agree with those of Marsischky et al. (28),
who sequenced a limited number of lys2ABgl revertants arising
in various MMR-defective strains. In the msh2A strain, the rate
of frameshift mutagenesis increased approximately 200-fold; of
50 reversion events sequenced, all were —1 events and >95%
of these were in the 6A and 4C runs. Although we cannot
eliminate a role for Msh2p in recognizing other types of —1
frameshift intermediates, there clearly is a strong preference
for events in the longer mononucleotide runs. A similar bias
has been reported for frameshift mutations in MMR-defective
E. coli cells (26, 41). An interesting issue that emerges con-
cerns the targeted repair of an extrahelical base in a mononu-
cleotide run versus an extrahelical base in noniterated se-
quences. One possibility is that the frameshift intermediates in
reiterated versus noniterated sequences are generated by dif-
ferent mechanisms. Events in mononucleotide runs, for exam-



VoL. 17, 1997

ple, likely result from DNA polymerase slippage, whereas
those in noniterated sequences may result from dislocation
initiated by base misincorporation. If one assumes that both
slippage and dislocation occur during genome duplication,
however, then the specificity of Msh2p is still difficult to ex-
plain. A more attractive hypothesis is that the events in mono-
nucleotide runs originate predominantly during genome dupli-
cation, whereas those in noniterated sequences might originate
from other DNA metabolic processes. Studies in yeast, for
example, have demonstrated that genes required for induced
mutagenesis also are important for spontaneous mutagenesis,
thus implicating DNA damage and repair as a major source of
spontaneous mutation events (34). Additionally, it has been
inferred that the error rate of DNA synthesis during recombi-
nation in yeast is much higher than the error rate of normal
replicative DNA synthesis (47). It recently has been reported
that the yeast MMR machinery interacts with proliferating cell
nuclear antigen, which suggests that the MMR machinery may
actually track with the replication apparatus (18a, 51). Such
tracking could explain not only how strand specificity is
achieved in those organisms that do not differentially mark the
newly replicated and template strands but also why frameshift
intermediates that arise out of the context of genome duplica-
tion might be refractory to repair by the MMR machinery.
Studies in yeast have demonstrated that strains deleted in-
dividually for MSH3 and MSH6 have weak mutator pheno-
types, whereas simultaneous deletion of MSH3 and MSH6
yields a strong mutator phenotype indistinguishable from that
of an msh2A strain (19, 28, 43a). These in vivo data are the
basis of a model in which Msh2p forms a heterodimer with
either Msh3p or Msh6p; Msh2p-Msh3p is thought to recognize
only insertion or deletion mismatches, whereas Msh2p-Msh6p
exhibits a preference for base substitution mismatches (19, 28).
In vitro data have supported this basic model (12, 18). As
expected, both the mutator phenotype and the frameshift mu-
tation spectrum of the msh3A msho6A strain were indistinguish-
able from those of the msh2A strain in the present work.
Although both the msh3A and msh6A strains showed only
marginal increases in the rate of lys2ABgl reversion, these
strains had distinct reversion spectra. The msh3A strain exhib-
ited an increased bias (relative to the wild-type strain) in —1
events in the 6A and 4C runs. The bias was similar to that in
the msh2A strain but, as would be predicted by the reversion
rate differences in these strains, was not nearly as extreme. All
of the reversion rate increase in the msh3A strain can be
accounted for by additional mutations at the 6A and 4C runs.
Examination of the frameshift spectrum in the msh6A strain
revealed a distinctive —1 hot spot within a specific 3T run (note
that there are six 3T runs within the lys2ABgl reversion win-
dow) that was not evident in any of the other MMR-defective
strains examined. The slight increase in the lys2ABgl reversion
rate in the msh6A strain can be accounted for solely by —1
events in this 3T run. Although this result generally agrees with
other studies demonstrating a role of Msh6p in recognition of
one-base loops, it also suggests a specificity for Msh6p that has
not previously been noted. The basis for this striking specificity
is unclear, but it may be related to the surrounding sequence
context. Sequence context could influence the frequency with
which a specific frameshift intermediate arises, or the efficiency
with which an intermediate is repaired. It also is possible that
this unique hot spot reflects a role of Msh6p in leading versus
lagging strand replication or in repairing frameshift interme-
diates that arise out of the context of normal DNA replication.
In addition to examining the roles of individual MutS ho-
mologs in removing frameshift intermediates, we also exam-
ined the roles of two of the yeast MutL homologs: Pms1p and
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Mihlp. Although in vivo and in vitro data support the notion
that these two proteins function as a heterodimer (32, 33), the
lys2ABgl reversion spectra suggest a subtle difference between
a pms1A strain and an milhlA strain. As with the msh2A strain,
the mutation rates were elevated approximately 200-fold in the
pmsIA and mlh1A strains, and more than 95% of the —1 events
were in homopolymer tracts of more than 3N. As in the msh2A
strain, the mlhIA strain had reversion events equally distrib-
uted between the 6A and 4C tracts. In contrast, there was a 3:1
bias for events in the 4C tract relative to those in the 6A tract
in the pmsIA strain. We have no explanation for this bias but
suggest that it may reflect a functional difference between the
two MutL homologs.

The present study compares frameshift spectra in wild-type
versus MMR-defective yeast strains and demonstrates that the
MMR machinery very effectively eliminates those frameshift
intermediates that arise in mononucleotide runs. Frameshift
intermediates arising in noniterated sequences appear to be
relatively ineffective targets of the MMR machinery. This re-
sult has implications for the types of frameshift mutations that
are likely to arise in replication error tumor cells (17, 27).
Those genes containing long homopolymer tracts should be
particularly susceptible to loss-of-function frameshift muta-
tions, which may in part explain the apparent tissue specificity
of tumor development in MMR-defective cells.
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